NAVAL 

POSTGRADUATE 

SCHOOL 


MONTEREY,  CALIFORNIA 


THESIS 


NEAR  FIELD  SCANNING  OPTICAL  MICROSCOPY 
(NSOM)  OF  NANO  DEVICES 

by 

Chun  Hong  Low 
December  2008 

Thesis  Advisor:  Nancy  M.  Haegel 

Co-Advisor:  James  Luscombe 


Approved  for  public  release;  distribution  is  unlimited 


THIS  PAGE  INTENTIONALLY  LEFT  BLANK 


REPORT  DOCUMENTATION  PAGE 


Form  Approved  OMB  No.  0704-0188 
Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing 
instruction,  searching  existing  data  sources,  gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection 
of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including 
suggestions  for  reducing  this  burden,  to  Washington  headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215 
Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302,  and  to  the  Office  of  Management  and  Budget,  Paperwork  Reduction 
Project  (0704-0188)  Washington  DC  20503. 

I.  AGENCY  USE  ONLY  (Leave  blank)  2.  REPORT  DATE  3.  REPORT  TYPE  AND  DATES  COVERED 

_ December  2008 _ Master’s  Thesis _ 

4.  TITLE  AND  SUBTITLE  5.  FUNDING  NUMBERS 

Near  Field  Scanning  Optical  Microscopy  (NSOM)  of  Nano  Devices _ 

6.  AUTHOR(S)  Chun  Hong  Low _ 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES)  8.  PERFORMING  ORGANIZATION 

Naval  Postgraduate  School  REPORT  NUMBER 

Monterey,  CA  93943-5000 

9.  SPONSORING  /MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES)  10.  SPONSORING/MONITORING 

National  Science  Foundation  AGENCY  REPORT  NUMBER 

DMR-0526330 

II.  SUPPLEMENTARY  NOTES  The  views  expressed  in  this  thesis  are  those  of  the  author  and  do  not  reflect  the 
official  policy  or  position  of  the  Department  of  Defense  or  the  U.S.  Government. 

12a.  DISTRIBUTION  /  AVAILABILITY  STATEMENT  12b.  DISTRIBUTION  CODE 

ApprovedJoijDublicj^elease^^dis^^ 

13.  ABSTRACT 

This  thesis  aims  to  investigate  the  optical  properties  of  nano-devices  using  the  technique  of  Near-Field 
Scanning  Optical  Microscopy  (NSOM).  A  unique  set-up  to  perform  Atomic  Force  Microscopy  (AFM)  and  NSOM 
simultaneously  in  a  scanning  electron  microscope  (SEM)  to  collect  spatially  resolved  luminescence  and  image 
transport  on  nano-scale  structures,  particularly  nanowires,  will  allow  direct  determination  of  transport  parameters,  such 
as  minority  carrier  mobility  and  diffusion  length  that  are  vital  to  the  performance  of  optoelectronic  devices. 

The  work  involves  the  development  of  a  unique  nano-scale  imaging  technique  applicable  to  a  wide  range  of 
structures.  The  main  structures  of  interest  in  this  thesis  will  be  GaN  nanowires.  Instead  of  using  a  laser  for  generating 
charge  for  imaging,  the  e-beam  from  the  SEM  was  used  to  generate  localized  charge  for  an  NSOM  probe  to  monitor 
the  motion  of  the  excess  charge  due  to  diffusion  and/or  drift  via  electron-hole  recombination  process.  For  the  first  time 
in  this  research,  the  author  addressed  numerous  challenges  such  as  the  intricate  NSOM  technique  to  resolve  sub¬ 
wavelength  dimension  measurements  of  the  elements  and  determine  optimized  experimental  parameters  to 
compensate  for  the  relatively  low  efficiency  of  NSOM  optical  collection.  Of  significance,  transport  imaging  of  1-10  pm 
long  GaN  nanowires  resulted  in  minority  carrier  diffusion  lengths  ranging  from  1-2  pm. 

An  initial  experimental  exploration  was  also  conducted  to  determine  the  theoretical  prediction  of  the  unique 
transmission  enhancement  of  Au  nanobowties  fabricated  on  luminescent  GaAs  heterostructure. 

The  author  will  report  the  working  principles,  experimental  procedures,  optimal  process  parameters  and  the 
respective  imaging  results  for  assessing  the  properties  of  the  nano-devices  studied  in  this  thesis  work. 
Recommendations  for  future  work  pertaining  to  the  augmentation  of  related  NSOM  work  will  also  be  made  to  ensure 
continued  progress  in  this  area  of  work. 

14.  SUBJECT  TERMS  '  15.  NUMBER  OF 

Diffusion,  Direct  Transport  Imaging,  Minority  Carrier  Lifetime,  Minority  Carrier  Mobility,  GaN  PAGES 
Nanowires,  Nanobowties,  Cathodoluminescence,  Near  field  Scanning  Optical  Microscope,  77 

Atomic  Force  Microscope.  <\q  PRICE  CODE 


17.  SECURITY 

18.  SECURITY 

19.  SECURITY 

20.  LIMITATION  OF 

CLASSIFICATION  OF 

CLASSIFICATION  OF  THIS 

CLASSIFICATION  OF 

ABSTRACT 

REPORT 

PAGE 

ABSTRACT 

Unclassified 

Unclassified 

Unclassified 

UU 

Standard  Form  298  (Rev.  8-98) 
Prescribed  by  ANSI  Std.  Z39.18 


I 


THIS  PAGE  INTENTIONALLY  LEFT  BLANK 


Approved  for  public  release;  distribution  is  unlimited 


NEAR  FIELD  SCANNING  OPTICAL  MICROSCOPY  (NSOM) 
OF  NANO  DEVICES 

Chun  Hong  Low 
Major,  Singapore  Armed  Forces 

B.Eng.  (1st  Class  Hons),  Nanyang  Technological  University,  2003 


Submitted  in  partial  fulfillment  of  the 
requirements  for  the  degree  of 


MASTER  OF  SCIENCE  IN  COMBAT  SYSTEMS  SCIENCE  AND 

TECHNOLOGY 


from  the 


NAVAL  POSTGRADUATE  SCHOOL 
December  2008 


Author:  Chun  Hong  Low 


Approved  by:  Nancy  M.  Haegel 

Thesis  Advisor 


James  Luscombe 
Co-Advisor 


James  Luscombe 

Chairman,  Department  of  Physics 


THIS  PAGE  INTENTIONALLY  LEFT  BLANK 


IV 


ABSTRACT 


This  thesis  aims  to  investigate  the  optical  properties  of  nano-devices  using 
the  technique  of  Near-Field  Scanning  Optical  Microscopy  (NSOM).  A  unique  set¬ 
up  to  perform  Atomic  Force  Microscopy  (AFM)  and  NSOM  simultaneously  in  a 
scanning  electron  microscope  (SEM)  to  collect  spatially  resolved  luminescence 
and  image  transport  on  nano-scale  structures,  particularly  nanowires,  will  allow 
direct  determination  of  transport  parameters,  such  as  minority  carrier  mobility  and 
diffusion  length  that  are  vital  to  the  performance  of  optoelectronic  devices. 

The  work  involves  the  development  of  a  unique  nano-scale  imaging 
technique  applicable  to  a  wide  range  of  structures.  The  main  structures  of 
interest  in  this  thesis  will  be  GaN  nanowires.  Instead  of  using  a  laser  for 
generating  charge  for  imaging,  the  e-beam  from  the  SEM  was  used  to  generate 
localized  charge  for  an  NSOM  probe  to  monitor  the  motion  of  the  excess  charge 
due  to  diffusion  and/or  drift  via  electron-hole  recombination  process.  For  the  first 
time  in  this  research,  the  author  addressed  numerous  challenges  such  as  the 
intricate  NSOM  technique  to  resolve  sub-wavelength  dimension  measurements 
of  the  elements  and  determine  optimized  experimental  parameters  to 
compensate  for  the  relatively  low  efficiency  of  NSOM  optical  collection.  Of 
significance,  transport  imaging  of  1-10  pm  long  GaN  nanowires  resulted  in 
minority  carrier  diffusion  lengths  ranging  from  1-2  pm. 

An  initial  experimental  exploration  was  also  conducted  to  determine  the 
theoretical  prediction  of  the  unique  transmission  enhancement  of  Au 
nanobowties  fabricated  on  luminescent  GaAs  heterostructure. 

The  author  will  report  the  working  principles,  experimental  procedures, 
optimal  process  parameters  and  the  respective  imaging  results  for  assessing  the 
properties  of  the  nano-devices  studied  in  this  thesis  work.  Recommendations  for 
future  work  pertaining  to  the  augmentation  of  related  NSOM  work  will  also  be 
made  to  ensure  continued  progress  in  this  area  of  work. 
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I.  INTRODUCTION 


There's  Plenty  of  Room  at  the  Bottom 


A.  BACKGROUND 


Richard  Feynman 


Nanotechnology  is  no  longer  the  field  of  speculation.  Since  its  early 
developments  in  the  1980s,  it  has  become  increasingly  important  in  a  range  of 
materials  and  applications.  Existing  applications  include  novel  optoelectronic 
devices  such  as  photonic  crystals  and  quantum  dots,  and  carbon  nanotubes  for 
low  energy  consuming  displays.  At  the  same  time,  there  is  wide  agreement  that 
many  new  applications  and  devices  will  affect  future  electronics,  medical  and 
environmental  areas.  Most  research  in  nanotechnology  began  from  the  study  of 
nano-structures  and  their  properties  before  fabricating  them  into  useful  nano¬ 
devices. 


“Nano”  is  defined  as  a  structure  at  the  atomic  and  molecular  scale.  It  is 
commonly  known  to  be  concerned  with  structures  of  the  order  of  100  nm  or 
smaller.  There  is  a  progressive  interest  in  2D,  ID  and  0D  quantum  wells,  wires 
and  dots,  as  the  phenomenon  of  electronic  confinement  makes  them  interesting 
for  optoelectronic  applications. 

While  much  research  aims  to  develop  innovative  and  effective  growth  of 
nano-structures  like  wires  as  well  as  controlling  the  direction  of  growth  [1],  it  is 
also  important  to  characterize  the  optical  properties  of  these  devices  which  are 
critical  in  identifying  their  applications  in  optoelectronic  devices  like  chemical  and 
biological  sensors,  photovoltaic  and  nano-electronics.  The  progression  in 
nanotechnology  fabrication  techniques  has  also  yielded  a  great  demand  for 
instrumentation  that  provides  the  high  resolution  imaging  required.  Thus,  this 
thesis  seeks  to  study  the  unique  transport  properties  of  several  nano-devices 
such  as  nano-wires  and  nano-bowties  by  developing  a  new  optical 
characterization  technique  optimized  for  nano-scale  measurements. 
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The  technique  of  transport  imaging  [2,3]  has  demonstrated  the  ability  to 
characterize  minority  carrier  transport  properties  (diffusion  and  drift)  in  nano¬ 
structures.  An  optical  microscope  was  installed  within  a  Scanning  Electron 
Microscopy  (SEM)  and  used  to  image  the  spatial  distribution  of  luminescence 
created  by  an  e-beam  point  source  excitation  and  diffusion  and/or  drift  effects. 
This  approach  effectively  measures  the  minority  carrier  diffusion  length  (in  the 
absence  of  an  electric  field).  This  work  creates  the  stepping  stone  to  extend  the 
idea  of  transport  imaging  to  the  nano-scale  using  the  technique  of  Near-Field 
Scanning  Optical  Microscopy  (NSOM)  for  the  direct  characterization  of  carrier 
diffusion  in  nano-devices. 

Determining  the  spatial  variation  of  luminescence  with  a  standard  Optical 
Microscope  (OM)  imposes  a  resolution  limit  determined  by  far-field  optics. 
Hence,  utilizing  the  approach  of  direct  imaging  of  electron/hole  recombination  via 
an  OM  and  a  high  sensitivity  charge  coupled  device,  coupled  to  a  SEM  to 
capture  spatial  information  about  the  transport  behavior  in  luminescent  solid  state 
materials  will  be  infeasible.  A  unique  set-up  incorporating  the  application  of 
Atomic  Force  Microscopy  (AFM),  Near-Field  Scanning  Optical  Microscopy 
(NSOM)  and  SEM  in  one  integrated  system  will  be  used  instead.  The  SEM 
enables  the  generation  of  a  localized  e-beam  charge  onto  the  luminescent 
sample  of  interest  in  a  similar  fashion  as  the  method  used  in  [2,3]  and  using  a 
AFM-NSOM  tip  from  Nanonics  to  scan  and  pick  up  the  topography  and  optical 
signal  (from  the  electron-hole  recombination  process)  simultaneously.  Previously, 
the  charge  motion  could  be  imaged  spatially  by  an  optical  microscope  (OM),  but 
as  the  structures  of  interest  will  be  of  nano-scale  dimensions  of  sub-wavelength, 
NSOM  is  used  to  overcome  diffraction-limited  resolution.  This  was  attempted  on 
ZnO  nano-wires  done  in  an  earlier  thesis  [4],  Hence,  this  thesis  will  take  this  to 
another  level  by  demonstrating  NSOM  operation  in  a  SEM  to  collect  spatially 
resolved  luminescence  and  to  image  transport  on  nano-scale  structures, 
particularly  nanowires,  in  1-D.  This  will  allow  direct  determination  of  transport 
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parameters,  such  as  minority  carrier  mobility  and  diffusion  length  that  are  vital  to 
the  performance  of  LEDs,  lasers  and  bipolar  devices. 

The  primary  goal  of  the  work  is  the  development  of  a  unique  nano-scale 
imaging  technique  applicable  to  a  wide  range  of  structures.  Two  main  structures 
of  interest  in  this  thesis  will  be  GaN  nano-wires  and  Au  nano-bowties.  Numerous 
challenges  such  as  mastering  the  intricate  NSOM  technique  to  resolve  sub¬ 
wavelength  dimension  measurements  of  the  elements  and  determine  optimised 
experimental  parameters  to  compensate  for  the  relatively  low  efficiency  of  NSOM 
optical  collection  were  addressed  for  the  first  time  in  this  research.  The  details  of 
the  technique  and  optimal  experimental  parameters  will  be  discussed  in  the 
subsequent  chapters  of  this  thesis. 

B.  MILITARY  RELEVANCE 

Nanotechnology  has  been  a  buzzword  for  decades  since  its  inception  and 
military  nanotechnology  can  be  considered  as  an  opportunity  in  defense 
evolution.  With  nanotechnology,  the  nano-inspired  evolution  and  transformation 
of  defense  capability  offers  the  potential  for  military  applications  that  are  far- 
reaching  and  unprecedented.  These  include  not  only  new,  previously  uncharted 
areas  of  application,  but  also  the  potential  for  higher  density  devices  with 
corresponding  size  and  weight  savings,  as  well  as  cost  containment. 

The  defense  industries  as  well  as  government  have  long  been  pursuing 
the  basic  research  for  potential  applications  in  warfare  [5].  Recent  demonstration 
of  the  use  of  nanotechnology-enhanced  systems  [6]  in  modern  conflicts  like 
Operation  Iraqi  Freedom  has  reiterated  the  importance  of  keeping  pace  with 
nanotechnology  research  and  development  to  maintain  the  technological  edge.  A 
fine  example  will  be  the  application  of  lightweight  high-strength  nano-composites 
to  increase  the  survivability  of  Marine  Corps’  M1A1  Abrams  tanks  and  light 
armoured  vehicles. 

Today’s  “small”  is  considered  the  past  “big”.  In  the  most  conventional  area 
of  weaponry,  nanotechnology’s  ability  to  miniaturize  present  weaponry  [7]  with 
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enhanced  firepower,  computing  power  and  precision  with  minimal  power 
consumption  provides  increase  firepower  capacity  with  the  same  payload  for 
every  platform. 

Myriad  of  other  relevant  military  applications  of  nanotechnology  in  areas 
such  as  sensors,  C4ISR,  countermeasures  and  portable  power  also  add  to  the 
increased  capabilities  of  today’s  war  fighters.  Sensors  represent  one  of  the 
largest  potential  uses  of  nanotechnology  with  the  emergence  of  mini-UAVs,  mini- 
USVs  and  other  miniaturised  unmanned  platforms  anticipated  for  future  conflicts. 
These  include  imaging  sensors,  chemical  sensors  and  bio-sensing  and  other 
areas  in  which  nano-photonics  devices  are  used  including  computing  systems 
and  microprocessors,  data  storage,  and  optical  signal  processing. 

Concurrently,  one  of  the  greatest  challenges  in  the  field  of  nanotechnology 
is  the  ability  to  optically  image  nano-structures  at  high  resolution  and 
characterize  devices  to  obtain  the  relevant  electro-optical  properties.  As  all  nano¬ 
devices  utilize  nano-structures  like  nano-wires  as  their  building  blocks,  this  thesis 
aimed  to  study  the  optical  characteristics  of  GaN  nano-wires  and  Au  nano- 
bowties.  Due  to  the  size  of  these  elements  being  diffraction-limited  for  OM  to  be 
employed,  a  major  part  of  the  measurements  were  done  via  the  technique  of 
NSOM.  This  thesis  work  attempts  to  advance  some  of  the  basic  characterization 
research  required  to  support  the  advance  of  nanotechnology.  Similar  to  defense 
interest  in  the  fundamental  research  that  led  to  revolutionary  applications  in 
lasers,  integrated  circuits  and  the  internet,  modern  military  programs  are 
investing  today  in  nanotechnology. 

C.  THESIS  OVERVIEW 

This  thesis  begins  with  a  brief  introduction  on  the  emergence  of 
nanotechnology  and  its  military  relevance.  Chapter  II  then  provides  a  literature 
research  of  the  technique  of  transport  imaging  and  a  detailed  description  of 
NSOM.  This  chapter  will  cover  the  theory  of  transport  imaging,  the  principles  of 
NSOM  and  the  features  of  nanostructures  like  nano-wires  and  nano-bowties. 
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Chapter  III  will  describe  the  experimental  approach  on  imaging  nano¬ 
structures  using  the  unique  integrated  system  of  AFM  and  NSOM  in  a  SEM. 
Different  samples,  namely  GaN  nano-wires  and  Au  nano-bowties,  were 
measured  to  study  the  effects  of  carrier  diffusion  and  optical  properties. 
Experimental  conditions  and  parameters  will  be  the  key  issues  to  be  explored  as 
part  of  this  thesis  to  obtain  optimal  results.  Optical  properties  such  as  the 
diffusion  lengths  and  luminescence  properties  will  be  reported. 

Chapter  IV  reports  the  imaging  results  of  the  experiments  and  significant 
findings  of  NSOM  measurements  of  GaN  nanowires  luminescence  and  the 
determination  of  minority  carrier  diffusion  length.  Relationship  between  the  size 
of  the  nanowires  and  the  effects  of  diffusion  will  also  be  reported. 

Chapter  V  describes  an  initial  study  on  Au  nanobowties  for  the 
investigation  of  a  possible  optical  field  enhancement  in  between  a  pair  of 
nanobowties.  While  no  major  finding  has  been  found  to  date,  recommendations 
on  overcoming  the  technical  challenges  faced  offer  great  potential  in  this  work. 

Finally,  Chapter  VI  will  conclude  and  summarise  the  project  findings  and 
conclusions.  Suggestions  for  future  work  will  also  be  discussed. 
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II.  TRANSPORT  IMAGING 


A.  TRANSPORT  THEORY 

1.  Cathodoluminescence  (CL) 

CL  is  a  conventional  method  used  in  the  characterization  of  luminescence 
in  semiconductors.  The  main  principle  of  CL  depends  on  the  recombination  of 
electron-hole  pairs  after  the  process  of  releasing  of  valence  band  electrons  to  the 
conduction  band  on  the  absorption  of  energy  from  incident  electrons.  On 
recombination,  photons  may  be  emitted  and  their  wavelength  will  depend  on  the 
material  involved  and  can  be  derived  from  the  relation: 

he 

e'-e'=T 

where  Ei  and  Ef  are  the  initial  and  final  energies  of  the  electron.  The 
luminescence  may  involve  band  edge  states  or  it  may  involve  recombination  at 
defects  or  impurities,  in  which  case  E  <  Egap. 

Generally,  the  electron  beam  energy  used  in  CL  measurements  ranges 
from  a  few  to  30  keV.  In  comparison  with  PL,  a  CL  electron  of  around  30  keV  is 
capable  of  generating  thousands  of  electron-hole  pairs.  This  number,  G  (number 
of  electron-hole  pairs  generate  per  incident  beam  electron),  can  be  calculated  as 
[8]: 

E, 

where  Eb  and  Ei  are  the  electron  beam  and  ionization  energies  of  the  electron  for 
the  formation  of  electron-hole  pair,  and  y  is  fractional  electron  beam  energy  loss 
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due  to  backscattered  electrons.  At  the  same  time,  the  depth  of  electron 
penetration,  Re,  is  dependent  on  Eb  and  can  be  calculated  using  the  following 
relationship: 


where  p  is  the  density  of  the  material,  and  k  and  a  are  parameters  related  to  the 
e-beam  energy  and  atomic  number  respectively. 

2.  Transport  Imaging 

While  CL  is  able  to  characterize  optical  properties  of  luminescent 
materials,  it  does  not  maintain  the  spatial  information  in  its  measurement.  During 
the  conduct  of  a  CL  intensity  mapping  measurement,  all  light  captured  is 
attributed  to  all  the  points  of  excitation  along  where  the  element  is  measured. 
Hence,  the  same  amount  of  excitation  was  placed  on  every  part  of  the  element 
and  the  intensity  of  the  resultant  light  is  measured.  This  does  not  capture  the 
effects  of  transport  phenomenon.  Only  with  the  inception  of  the  technique  of 
transport  imaging,  can  the  spatial  information  of  a  fixed  point  of  excitation  on  an 
element  be  determined.  This  technique  allows  for  a  highly  controllable  localized 
charge  generation  process  to  obtain  imaging  at  high  spatial  resolution  and  can 
be  employed  on  wide  band-gap  as  well  as  multilayer  materials.  Transport 
imaging  is  the  technique  of  imaging  both  the  motion  and  recombination  of  charge 
in  luminescent  semiconductors.  This  technique  enables  the  extraction  of 
transport  parameters  such  as  the  minority  carrier  diffusion  length  [3],  which  is 
critical  to  bipolar  device  operations  like  solar  cells  and  transistors.  This  has  been 
done  by  D.  R.  Luber  et  al.  in  demonstrating  the  measurement  of  minority  carrier 
diffusion  length  of  a  heavily  doped  GaAs  double  heterostructure  using  an 
integrated  system  of  a  OM  and  CCD  camera  in  a  SEM.  Examples  of  images 
obtained  for  a  brief  study  on  possible  substrates  for  the  fabrication  of  nano¬ 
devices  are  shown  in  Figure  1.  Figure  2  shows  the  logarithmic  plot  of  the 
diffusion  intensity  distribution  captured  by  this  technique  for  semiconductor 

heterostructures  with  varying  diffusion  lengths. 
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(a)  (b) 

Figure  1  (a)  CCD  Image  of  GalnP,  and  (b)  CCD  Image  of  Bulk  GaAs. 


InGaP/Ga 


Distance- IrotawsJ 


Figure  2  Plot  of  2-Dimensional  Diffusion  Intensity  Mapping  [from  9]. 


9 


Similarly,  a  direct  transport  imaging  technique  designed  for  planar 
structures  [2]  has  been  demonstrated  in  a  SEM  and  an  OM  with  a  high  sensitivity 
charge  coupled  device  This  thesis,  however,  will  attempt  to  take  transport 
imaging  technique  to  another  level  by  imaging  the  effects  of  transport  at  near¬ 
field  using  NSOM  in  a  SEM.  The  effects  of  transport  and  diffusion  will  be 
determined  experimentally  by  measuring  the  intensity  distribution  within 
structures  like  nano-wires.  While  the  above-mentioned  technique  enables  the 
measurement  of  transport  properties  for  planar  structures  through  OM  imaging, 
NSOM  will  enable  transport  imaging  at  near-field  to  obtain  the  spatial  distribution 
of  optical  signal  from  a  fixed  source  of  structures  that  are  sub-wavelength  in 
dimensions. 

B.  NEAR-FIELD  SCANNING  OPTICAL  MICROSCOPY  (NSOM) 

1.  Far-Field  and  Near-Field  Microscopy 

The  late  Ernst  Karl  Abbe  was  the  first  to  approximate  the  diffraction  limit 
[10]  to  be: 

k 

d  =  — —  , 

2sm6 

where  d  is  distance  between  2  objects,  A  is  wavelength  of  the  incident 
light,  and  20  is  the  angle  through  which  the  light  is  collected. 

As  such,  the  resolution  between  objects  in  a  standard  far-field  optical 
microscope  is  d.  For  instance,  visible  light  is  in  the  range  of  400  -  700  nm,  and 
with  400  nm  being  the  smallest  wavelength,  the  best  resolution  achievable  (with 
0  at  90°)  is  200  nm.  Anything  below  this  size  is  considered  as  diffraction-limited 
and  unable  to  be  resolved  by  far-field  imaging. 

However,  with  the  advancement  of  nano-fabrication  techniques  and  the 

fast  development  of  nanotechnology,  nano-scale  characterization  requires 

technology  imaging  below  the  wavelength  of  incident  or  emitted  light.  For 

instance,  nano-structures  such  as  nanowires,  can  be  less  than  100  nm  in 
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diameter.  The  emergence  of  near-field  optics  opens  the  doors  to  sub-wavelength 
resolution.  With  the  introduction  of  Near-Field  Scanning  Optical  Microscopy 
(NSOM),  the  limitation  of  diffraction  is  eliminated,  and  higher  resolution  of 
luminescence  is  achievable  through  the  collection  of  light  in  near  field.  The  near¬ 
field  region  is  defined  as  the  region  in  space  where  the  effects  of  evanescent 
waves  are  not  negligible. 


The  key  principle  behind  collection  at  near  field  is  by  passing  light  through 
an  aperture  of  sub-wavelength  diameter  to  illuminate  the  sample  of  interest  that 
is  placed  within  its  near  field  (r«  A).  Instead  of  depending  on  the  wavelength  of 
the  incident  or  emitted  light,  the  aperture  size  becomes  the  determining  factor  for 
the  resolution  limit. 


Figure  3  Schematic  Illustration  of  Far-  and  Near-Field  Microscopy. 


2.  History  of  NSOM 

The  idea  of  NSOM  was  first  promulgated  by  E.H.  Synge  in  the  late  1920s. 
He  designed  an  experiment  with  the  concept  of  passing  light  through  a  small 
aperture  of  sub-wavelength  diameter  [11,12]  Besides  Synge,  other  scientists  like 
J.A.  O’Keefe  and  E.A.  Ash  and  G.  Nichols  conducted  their  own  experiments  with 
acoustics  and  microwaves  in  1956  [13]  and  1972  [14],  respectively.  It  was  not 
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until  1984  that  A.  Lewis  et  al.,  [15]  proved  the  viability  of  NSOM  in  the  optical  part 
of  the  spectrum.  Apertures  of  dimensions  80  -  2400  A  were  fabricated  via  e- 
beam  etching  and  a  Leitz  Ortho-plan  microscope  with  a  tungsten  filament 
emitting  at  around  5800A  was  used  to  capture  the  images  on  Polaroid  films. 
Experimental  results  showed  that  sub-wavelength  spatial  resolution  of  500  A  is 
achievable.  Figure  4  below  shows  a  schematic  diagram  of  a  possible  set-up  for 
such  sub-wavelength  measurements. 


Figure  4  Schematic  Diagram  for  Obtaining  Spatial  Resolution  of  500  A  Using 
a  Scanning  Optical  Microscope  (from  [15]) 

3.  Principles  of  NSOM 

As  the  name  suggests,  NSOM  requires  bringing  a  point  source  of  light  like 
the  aperture  of  a  probe,  in  close  proximity  (but  not  in  contact)  to  the  surface  of 
the  sample  of  interest  to  be  imaged  and  then  collecting  the  optical  signal  from  the 
surface  of  the  sample.  NSOM  is  based  on  the  detection  of  non-propagating 
evanescent  waves  in  the  near-field  region.  In  general,  it  measures  a  spatially 
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resolved  impedance  of  the  sample  of  interest  by  scanning  a  tip  of  an  evanescent 
wave  probe  toward  the  surface  of  the  sample  within  a  sensing  distance  in  near¬ 
field.  This  is  achieved  through  generating  an  evanescent  wave  with  at  least  one 
time  varying  amplitude  and  a  time  varying  phase,  measuring  the  change  in 
resonant  frequency  of  the  evanescent  wave  probe  over  time  as  well  as  the 
change  in  quality  factor  of  the  probe  and  determining  the  impedance  of  the 
sample  based  on  these  changes. 

In  order  to  achieve  an  optical  resolution  better  than  the  diffraction  limit,  an 
optical  fiber  probe  of  sub-wavelength  aperture  will  be  brought  within  the  near¬ 
field  region  and  used  like  a  waveguide.  As  mentioned  earlier,  near-field  is  defined 
as  the  region  that  is  very  much  less  than  the  wavelength  of  the  incident  light 
(usually  on  the  order  of  1  nm).  The  aperture  size  will  determine  the  luminescence 
resolution  of  each  set-up.  In  the  case  of  an  externally  excited  source,  the 
resolution  will  be  defined  by  the  size  of  the  light  source  used. 

An  avalanche  photodiode  (APD)  with  a  photon  counter  will  then  be  used  to 
amplify  the  collected  the  light  from  the  other  end  of  the  fiber  to  measure  the 
relative  intensity  of  the  measurement.  The  varying  intensity  will  then  translate  to 
the  NSOM  images  in  a  software  program.  The  sources  of  light  used  in  NSOM 
vary  and  depend  on  the  nature  of  the  particular  experiment.  Typically,  laser  light 
is  fed  to  the  aperture  via  a  tapered  optical  fiber  coated  with  gold  to  excite  the 
luminescence.  Alternatively,  an  independent  source  of  light  such  as  a  laser  beam 
may  be  used  to  excite  the  area  of  interest  on  the  sample  and  the  collection  of  the 
optical  signal  will  be  done  by  scanning  the  NSOM  probe  across.  A  unique 
excitation  source  would  be  the  e-beam  from  a  SEM.  In  this  thesis,  the  e-beam 
that  ranges  from  10-30  keV  of  accelerating  voltage  from  an  SEM  is  utilized  as  the 
excitation  source  for  NSOM  measurement.  A  schematic  illustration  is  shown  in 
Figure  5. 
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e-beam  from  external  source  (eg.  SEM) 


Figure  5  NSOM  Scan  with  an  Externally  Excited  Generation  Source. 


In  general,  feedback  mechanisms  are  used  in  controlling  the  distance 
between  the  aperture  and  the  sample  surface  at  the  sub-nanometer  scale 
required.  Two  of  the  more  commonly  employed  feedback  mechanisms  are: 
Normal  Force  Feedback  and  Shear  Force  Feedback.  The  former  utilizes  AFM 
cantilevers  with  apertures  or  tapered  optical  fibers  with  standard  feedback  modes 
like  contact  and  tapping  mode,  while  the  latter  makes  use  of  the  difference  in 
amplitudes  of  a  tuning  fork  oscillation,  which  depends  on  the  tip-surface  distance. 

There  are  four  possible  modes  of  operation  with  NSOM  [16]:  Transmission 
Mode,  Reflection  Mode,  Collection  Mode  and  Illumination/Collection  Mode 
(Figure  6). 
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Transmission  Mode 


Reflection  Mode 


Collection  Mode  Illumination/Collection  Mode 
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Figure  6  Modes  of  Operation  with  NSOM. 


In  both  transmission  and  reflection  mode  imaging,  the  probe  illuminates 
the  sample  but  the  optical  signal  through  the  sample  is  collected  and  measured 
for  transmission  mode,  while  the  reflected  signal  is  collected  and  measured  for 
reflection  mode.  Collection  mode  imaging  illuminates  the  sample  with  a 
macroscopic  light  source  and  collects  the  signal  from  the  sample  surface  via  a 
probe.  Finally,  in  illumination/collection  mode  imaging,  light  is  both  incident 
through  the  probe  as  well  as  collected  via  the  probe  for  the  reflected  or  emitted 
signal. 


4.  NSOM  Instrumentation  and  Setup 

The  primary  components  of  an  NSOM  apparatus  consist  of  the  light 
source,  sample,  scanning  tip,  feedback  mechanism,  optical  detector  (such  as  an 
APD)  and  a  piezoelectric  stage.  In  this  thesis  we  will  focus  on  the  SEM  e-beam 
as  the  external  excitation  source.  Fiber  optic  AFM/NSOM  scanning  tip  by 
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Nanonics  will  be  the  only  type  of  NSOM  tips  used  in  this  work  and  will  be 
discussed  in  the  next  chapter.  A  schematic  of  a  standard  NSOM  setup  is 
depicted  in  Figure  7. 
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Figure  7  Schematic  Diagram  of  a  Typical  NSOM  Set-up. 


5.  Challenges  of  NSOM 

While  NSOM  exhibits  extraordinary  advantages  in  near-field  optics 
measurement,  there  are  many  challenges  that  the  operator  has  to  overcome  in 
this  field  of  work.  First,  the  working  distance  of  NSOM  is  very  small  and  hence,  a 
very  narrow  field  of  view.  This  will  be  a  tough  challenge  for  very  small  structures 
fabricated  on  a  large  sample  without  guiding  features  to  locate  the  structures  of 
interest.  As  such,  it  is  recommended  that  all  structures  to  be  studied  be 
fabricated  (whenever  possible)  with  guiding  features  on  the  sample  to  mark  them 
out  significantly  for  easy  locating.  Second,  NSOM  scans  usually  take  a  long 
period  of  time  especially  for  large  samples  and/or  high  resolution  imaging.  This  is 
a  drawback  which  can  only  be  improved  over  time  with  better  equipment  and  the 
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only  mitigating  approach  is  to  locate  structures  using  lower  resolution  before 
conducting  high  resolution  scans  across  them.  Third,  due  to  the  need  for  the 
probe  to  be  at  near-field,  high  quality  feedback  mechanisms  have  to  be 
employed.  As  such,  normal  force  feedback  mechanism  using  an  AFM  cantilever 
is  a  better  option  vis-a-vis  the  shear  force  mechanism  because  of  the  higher  level 
of  repeatability  and  stability  in  the  former. 

Lastly,  there  is  the  trade-off  issue  of  obtaining  high-resolution  imaging  with 
lower  efficiency  of  luminescence  collection  via  probes  of  smaller  aperture  or  low- 
resolution  imaging  with  higher  efficiency  for  luminescence  collection  using  probe 
of  larger  apertures  [17].  A  brief  illustration  on  the  relative  effects  of  the  size  of  the 
aperture  to  the  efficiency  of  optical  collection  can  be  shown  by  the  experimental 
results  from  Figure  8.  For  instance,  with  a  D4  dependence,  reduction  of  collecting 
aperture  from  250  to  lOOnm  is  predicted  to  decrease  efficiency  by  a  factor  of 
~40.  Thus,  a  balance  has  to  be  struck  for  optimal  results.  These  limitations 
present  significant  challenges  for  transport  imaging  at  the  nano-scale,  but  the 
work  presented  will  demonstrate,  for  the  first  time,  the  potential  to  overcome 
these  limitations  to  obtain  direct  information  on  minority  carrier  diffusion  within 
individual  GaN  nano-wires. 
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Figure  8  Probe  Transmission  at  A  =  633  nm  as  a  Function  of  Probe  Aperture 
Diameter  for  Various  Type  of  Probes  (Pulled  Probes,  Double-etched 
Probes).  The  Dashed  Curves  Represent  Theoretical  Predictions  while 
Solid  Curves  are  Experimentally  Obtained  Results  [from  17]. 
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III.  EXPERIMENTAL  APPROACH 


A.  CL  EXPERIMENT 

1.  Experimental  Set-up 

While  NSOM  is  the  key  experimental  technique  to  investigate  the  transport 
properties  of  nano-devices  in  this  thesis,  CL  experiments  are  crucial  in 
determining  the  spectral  distribution  as  well  as  the  intensity  of  photon  emission 
from  the  structures  under  study.  The  CL  system  used  in  this  study  is  from  Gatan 
(previously  Oxford  Instruments)  and  it  has  a  retractable  arm  with  a  parabolic 
collecting  mirror  that  can  be  inserted  into  the  SEM  chamber.  Externally  controlled 
mirrors  allow  the  system  to  be  operated  in  panchromatic  as  well  as 
monochromatic  mode  for  imaging,  in  addition  to  spectroscopy.  The 
monochromator  is  1/3  m  with  a  grating  of  1200  l/mm.  Additionally,  another  unique 
feature  of  the  CL  set-up  in  this  work  involved  an  attachment  of  an  OM  with  a  Si 
CCD  array  camera  to  capture  images  of  the  effects  of  CL.  Figure  9  shows  the 
attachment  of  the  Gatan  CL  system  and  SI  CCD  camera  to  the  JOEL  SEM. 


Figure  9  CL  System  and  CCD  Camera  Integrated  with  a  SEM. 
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2.  Experimental  Procedures 

The  CL  system’s  main  purpose  is  to  determine  the  spectroscopy  of  the 
GaN  nano-wire  luminescence.  It  is  first  used  to  determine  the  spectrum  and 
relative  luminescence  from  the  wire.  The  GaN  nano-wires  studied  in  this  thesis 
are  between  1  -  30  pm  in  length  and  100  -  500  nm  in  diameter.  Understanding 
the  spectrum  of  the  nano-wires  allowed  us  to  differentiate  the  spectral 
characteristics  of  nano-wires  and  the  substrates  that  they  are  grown  or  deposited 
on. 

Then,  CL  ‘spot  mode’  was  performed  along  the  wires  for  an  intensity 
mapping  of  the  luminescence  of  the  wire  at  different  wavelengths  in 
monochromatic  mode.  This  determined  the  relative  intensities  and  responses 
from  the  wires  at  different  wavelengths.  The  results  and  analysis  will  be 
discussed  in  subsequent  chapters. 

B.  AFM/NSOM  EXPERIMENT 

1 .  Experimental  Set-up 

The  experimental  set-up  in  this  work  is  unique  and  exceptional.  It  involves 
the  integration  of  an  AFM/NSOM  scanner  within  a  SEM,  for  the  main  reason  of 
being  able  to  use  the  SEM  for  easy  locating  of  sample  structures  and  to  use  the 
e-beam  of  the  SEM  as  the  high  resolution  carrier  generation  source  for  NSOM 
measurement.  The  benefits  of  this  include  1)  being  able  to  decouple  the 
excitation  from  the  light  collection  and  2)  utilizing  the  potentially  small  generation 
spot  provided  by  e-beam  optics.  Many  standard  scanning  probe  technologies  are 
not  compatible  with  the  requirements  of  these  unique  experiments.  Most  of  them 
employ  straight  optical  fibers  which  would  obstruct  the  e-beam’s  path  from  the 
top  of  the  SEM  to  impinge  onto  the  surface  of  the  sample  for  NSOM  experiment. 
Also,  most  scanning  probe  microscopy  (SPM)  systems  are  based  on  a  cylindrical 
piezo  device  that  is  held  perpendicularly  to  the  sample  or  probe  to  be  scanned. 
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This  results  in  blocking  the  top,  bottom  or  both  simultaneously  and  hence, 
prevents  the  flexibility  of  integrating  the  many  useful  aspects  of  it  into  standard 
optical,  electron  and  ion-beam  systems. 

Thus,  this  thesis  work  utilizes  Nanonics’  MultiView  2000  AFM/NSOM 
System.  This  specially  designed  system  allows  for  an  integrated  AFM/NSOM 
scan  simultaneously  in  a  SEM.  The  MultiView  2000  AFM/NSOM  scanning  stage 
is  shown  in  Figure  10.  Special  customization  has  been  done  to  allow  for  such 
integration  so  that  the  measurement  signals  within  the  SEM  can  be  piped  out  to 
the  actual  control  equipment  outside  the  SEM. 


Figure  10  Nanonics  MultiView  2000  Scanner  in  the  JEOL  840  SEM. 
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Other  components  of  this  set-up  include  the  High  Voltage  Piezo  Drivers 
(HVPD)  that  control  the  displacement  of  the  stage,  as  well  as  the  probes  in  three 
dimensions,  the  SPM  controller  which  controls  the  Proportional,  Integration,  and 
Differential  (PID)  parameters  for  adjusting  the  sensitivity  of  the  scanning  probe 
measurements,  the  Low  Voltage  Adaptor  that  allows  for  the  selection  of  sample 
or  tip  scanning  and  Z-feedback  component,  and  lastly  the  APD  for  detection  of 
photon  count-rate  in  NSOM  measurements.  These  components  (Figure  11)  are 
all  cabled  to  the  MultiView  2000  in  the  SEM. 


(a)  (b) 


Figure  1 1  (a)  Anticlockwise  from  Top  Left  Hand  Corner:  Low  Voltage  Adaptor, 
HVPD  for  Upper  Stage,  SPM  Controller,  HVPD  for  Lower  Stage  and 
Counter  and  Power  Supply  for  the  APD.  (b)  The  APD  for  Detecting 
Photons  from  the  Fiber  Probe  During  Measurements. 


The  scanning  stage  makes  use  of  what  Nanonics  termed  as  3D  Flat 
Scanning  Technology  such  that  the  flat  scanners  are  based  on  the  same 
scanning  mechanism  as  all  AFM  piezo  scanners.  Hence,  this  scanner  can 
provide  the  same  scanning  mechanism,  not  only  for  standard  AFM  in  the  X  and  Y 
scan  directions,  but  also  in  a  large  Z-scan  range  of  70  pm.  This  enables  users  to 
investigate  structures  of  high  topography  and  deep  trenches. 
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The  scanning  probe  (See  Figure  12  for  physical  images  of  the  probe  on  a 
scanner  and  Figure  13  for  a  schematic  diagram  of  the  probe)  that  is  used  in  this 
thesis  work  is  unique  and  worth  reviewing.  It  is  an  improved  version  of  probes  as 
compared  to  those  used  in  previous  work.  As  the  previous  style  of  probes  were 
magnetically  mounted  onto  the  scanner  and  had  caused  strong  tip-sample 
astigmatism  that  affects  the  image  due  to  interaction  of  the  e-beam  with  the 
magnetic  field,  the  newly  designed  tips  are  mechanically  mounted  and  hence, 
eliminates  the  strong  astigmatism  of  the  image  experienced  in  earlier  work.  The 
probe  is  an  integrated  AFM/NSOM  probe  that  utilizes  a  patented  tuning  fork 
feedback  mechanism  (See  Figure  14).  While  the  use  of  tuning  fork  as  part  of 
SPM  was  filed  as  a  patent  (US  Patent  5641896)  by  K.  Karrai  and  M.  Haines  in 
1995,  Nanonics  extends  this  invention  through  the  use  of  proprietary,  simple 
mounting  techniques  that  maintain  resonance  frequencies  and  Q  factors  for 
tuning  fork  feedback  [18]  without  the  geometrical  restrictions  that  Karrai  had  for 
his  straight  near-field  optical/AFM  elements. 


(a)  (b) 

Figure  12  The  Top  (a)  and  Reverse  (b)  Views  of  the  AFM/NSOM  Probe 
Attached  onto  the  MultiView  2000  Scanner. 
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Figure  13  Schematic  Diagram  of  the  AFM/NSOM  Probe. 


Tuning  Fork  Feedback 


Figure  14  Patented  Tuning  Fork  Feedback  Mechanism  for  AFM/NSOM 

Measurement  (from  [16]) 


In  addition  to  the  unique  tuning  fork  feedback  mechanism,  it  is  significant 
to  note  that  only  Nanonics’  MultiView  2000  scanner  can  allow  for  scanning  either 
by  moving  the  sample  or  the  probe  (See  Figure  15)  on  a  single  platform.  This  is 
an  important  application  for  NSOM  experiments  requiring  the  scanning  of  the 
probe  with  a  fixed  light  source  to  map  the  optical  properties  spatially  on  the 
sample  as  the  collecting  probe  scans  across  it. 
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(a) 


(b) 


Figure  15  (a)  Tip  Scanning  (b)  Sample  Scanning. 


In  sample  scanning  operations,  the  e-beam  from  the  SEM  can  be  fixed 
near  to  the  tip  and  allows  for  a  “pseudo  CL”  measurement  of  the  sample  as  the 
e-beam  impinge  onto  the  scanned  area  of  the  sample  and  the  AFM/NSOM  tip 
maps  the  topography  and  optical  response  simultaneously.  On  the  other  hand,  in 
a  tip  scanning  operation,  the  e-beam  of  the  SEM  can  be  fixed  onto  a  particular 
location,  usually  near  or  on  a  structure,  while  the  AFM/NSOM  tip  will  scan  across 
the  element  to  determine  the  effects  of  transport  at  near-field.  In  this  way,  the 
optical  signal  obtained  in  this  manner  has  the  spatial  information  on 
luminescence  originating  from  a  fixed  point  source. 

2.  Experimental  Procedures 

The  main  goal  in  the  experiment  is  to  generate  electron-hole  pairs  in  the 
sample  with  an  e-beam  from  the  SEM  and  scan  the  AFM/NSOM  tip  to  map  the 
intensity  distribution  due  to  recombination  along  the  structure  of  interest. 
Nanonics  AFM/NSOM  set-up  allows  for  simultaneous  near-field  optical  collection 
with  an  e-beam  and  AFM  to  map  the  topography  of  the  sample.  Generally,  there 
will  be  two  main  experiments.  First,  sample  scanning  will  be  done  to  conduct  a 
“pseudo  CL”  experiment  to  ensure  sufficient  optical  signal  from  the  sample  as 
well  as  to  locate  the  elements  to  be  studied.  This  is  done  by  placing  the  cross¬ 
hair  of  the  e-beam  close  (within  the  diffusion  length)  to  the  tip  in  the  SEM  with 
“spot  mode”.  Then  sample-scanning  will  be  done  across  the  sample  in  a  scan 
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window  desired.  Then,  once  these  luminescent  regions  have  been  identified,  tip 
scanning  will  be  done  to  conduct  the  transport  imaging  study  with  the  technique 
of  NSOM.  In  the  latter  experiment,  the  e-beam  will  be  incident  at  a  point  that  is  at 
a  distance  within  the  theoretical  diffusion  length  to  the  nano-wire  under  study. 
Generally,  the  e-beam  will  be  placed  at  either  ends  of  the  wire  using  “spot  mode” 
in  the  SEM  and  tip-scanning  will  be  done  along  the  wire,  either  away  from  or 
towards  the  e-beam  point. 
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IV.  TRANSPORT  IMAGING  OF  NANOWIRES 


A.  GENERAL  FEATURES  OF  GaN  NANOWIRES 

Gallium  Nitride  (GaN)  nanowires  are  semiconductor  wires  of  great  interest 
lately  for  its  some  of  its  unique  properties.  These  nanowires  have  been  known  to 
be  grown  defect-free  because  of  their  ability  to  accommodate  higher  levels  of 
strain  and  allow  the  migration  of  dislocations  to  the  wire  surface.  As  a  result,  the 
nanowires  exhibit  high  performance  properties  electrically,  optically  and 
mechanically  for  use  in  many  possible  devices.  GaN  also  has  a  large  band-gap 
of  3.4  eV  at  room  temperature  and  emits  blue  and  UV  light.  Due  to  these 
properties,  GaN  nanowires  potentially  are  useful  in  numerous  applications  like 
lasers,  light-emitting-diodes  (LEDs)  and  data  storage  devices.  In  general,  GaN 
nanowires  are  grown  via  chemical  vapour  deposition  (CVD)  [19]  or  even  with  gas 
source  molecular  beam  epitaxy  (MBE)  [20]  The  GaN  nanowires  growth 
techniques  will  not  be  discussed  in  great  detail  in  this  thesis,  focusing  instead  on 
the  development  of  a  novel  approach  to  characterizing  the  transport  properties. 

The  GaN  nanowires  studied  in  this  thesis  are  generally  between  1-30 
pm  in  length  and  100  -  500  nm  in  diameter  [21].  Figure  16  shows  a  SEM  image 
of  a  10  pm  tapered  GaN  nanowire  captured  using  a  compact  field  emission  SEM 
from  Novelx  called  mySEM.  The  aim  is  to  characterize  the  transport  properties  of 
the  wires  through  the  technique  of  NSOM.  Besides  NSOM,  other  techniques 
such  as  CL  imaging  will  be  used  to  aid  in  the  determination  of  other  optical 
properties  such  as  the  material’s  CL  spectrum  prior  to  a  NSOM  measurement. 
The  subsequent  sections  will  describe  the  experiments  and  results  obtained. 
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Figure  16  SEM  Image  of  a  10  pm  Tapered  GaN  Nanowire. 


B.  CL  IMAGING  OF  GAN  NANOWIRES 
1.  Panchromatic  CL  Imaging 

As  mentioned  in  Chapter  III,  CL  imaging  will  be  used  to  determine  the  CL 
spectra  of  the  wires  studied.  In  Figure  17  are  simultaneously  acquired  SEM  and 
CL  images  of  a  pair  of  GaN  nanowires  obtained  using  panchromatic  mode  CL 
imaging.  They  are  20-30  pm  in  length  and  emit  light  relatively  well. 


(a)  (b) 

Figure  1 7  (a)  SEM  Image  of  a  Pair  of  GaN  Nanowires;  (b)  Panchromatic  CL 

Image  of  the  Same  Wires. 
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Upon  confirming  the  primary  luminescent  behaviour  of  GaN  nanowires, 
operating  the  CL  system  in  ‘spot-mode’  will  allow  for  the  mapping  of  the  intensity 
of  luminescence  along  a  wire  with  a  moving  excitation  source  along  a  defined 
path  on  the  wire.  Figure  18  shows  a  panchromatic  CL  image  using  “spot  mode” 
of  a  30  pm  GaN  nanowire  at  2500X  and  the  blue  line  indicates  the  direction  of 
the  excitation  source.  It  is  significant  to  note  that  the  amount  of  luminescence 
emitting  from  the  broad  end  of  the  wire  is  extremely  high  (in  order  of  -1000  times 
higher)  compared  to  the  narrow  end  of  the  wire.  The  relative  intensities  of 
luminescence  are  shown  in  the  graph  in  Figure  19. 


(b) 

Figure  18  (a)  SEM  Image  of  a  30  pm  GaN  Nanowire;  (b)  Panchromatic  CL 

Image  of  the  Same  Wire. 
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Figure  19  Spatial  Variation  of  Luminescence  from  GaN  Nanowire  in  “Spot 

Mode”  in  Panchromatic  Mode. 


2.  Monochromatic  Intensity  Mapping  of  Nanowire  in  ‘Spot-Mode’ 

After  capturing  the  images  of  the  wires  in  panchromatic  mode,  it  is  clear 
that  the  intensity  of  the  CL  emission  varies  strongly  along  length  of  the  wire. 
However,  additional  information  can  be  obtained  by  measuring  spatial  variation 
at  various  emission  wavelengths.  An  experiment  is  conducted  for  an  automatic 
scanning  spectrometer  to  change  the  wavelength  selected  by  the 
monochromator  and  measured  the  intensity  of  luminescence  as  a  function  of 
wavelength.  Figure  20  shows  the  results  obtained  from  the  measurement  and  it 
can  be  deduced  that  360  nm  is  the  band-edge  luminescence  wavelength  based 
on  the  1st  and  2nd  order  intensities  peaks  at  360  nm  and  720  nm  respectively. 
550  nm  and  660  nm  are  observed  to  be  the  peak  wavelengths  associated  with 
mid-gap  recombination. 
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Figure  20  CL  Spectrum  of  GaN  Nanowire. 

Since  the  peak  wavelengths  of  the  GaN  nanowire  emission  are  specifically 
360  nm,  550  nm  and  660  nm,  operating  the  CL  system  in  monochromatic 
collection  at  these  wavelengths  will  allow  the  independent  mapping  of  the  band 
edge  and  defect  intensity  of  luminescence  along  the  wire.  Figures  21,  22  and  23 
below  show  the  SEM  and  monochromatic  CL  image  of  a  30  pm  GaN  nanowire  at 
360  nm,  550  nm  and  660  nm  respectively.  It  is  obvious  (from  Figure  24,  25,  26) 
that  the  CL  intensity  decreases  as  the  diameter  of  the  wire  gets  narrower  and  the 
intensity  of  luminescence  at  550  and  660  nm  are  higher  than  the  band-edge 
luminescence. 
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Figure  21  (a)  SEM  Image  of  a  30pm  GaN  Nanowire;  (b)  Monochromatic  CL 

Image  at  360nm. 


Intensity 


Intensity  vx  Position  (p.m) 


Figure  22  CL  Intensity  Map  of  GaN  Nanowire  in  “Spot  Mode”  for  A  =  360  nm. 
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(a)  (b) 

Figure  23  a)  SEM  Image  of  a  30  |jm  GaN  Nanowire;  (b)  Monochromatic  CL 

Image  at  550  nm. 
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Figure  24 


CL  Intensity  Map  of  GaN  Nanowire  in  “Spot  Mode”  for  A  =  550  nm. 
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Figure  25  a)  SEM  Image  of  a  30  pm  GaN  Nanowire;  (b)  Monochromatic  CL 

Image  at  660  nm. 
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Figure  26  CL  Intensity  Map  of  GaN  Nanowire  in  “Spot  Mode”  for  A  =  660  nm. 


Previous  studies  by  I.  Shalish  et  al.,  [22]  have  shown  experimentally  that 
in  nanowires  like  ZnO,  the  relative  strength  of  band-edge  photoluminescence 
peak  increases  with  the  diameter  of  the  wires.  Figure  27  shows  the 
photoluminescence  spectra  obtained  from  ZnO  nanowires  of  three  different  sizes 
(100  nm,  240  nm  and  540  nm  in  diameter).  The  band-edge  photoluminescence 

occurs  at  3.3  eV,  with  a  below-band-gap  peak  at  about  2.2  eV.  It  was  clear  that 
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the  nanowires  of  approximately  100  nm  in  diameter  showed  a  very  much  weaker 
band-edge  emission  vis-a-vis  wires  with  diameters  of  around  540  nm. 


15  2  JO  23  3j0  3313  2.0  23  3.0  3313  2D  25  3.0  33 

Photon  Energy  [eV] 


Figure  27  Photoluminescence  Spectra  Obtained  from  ZnO  nanowires  of 

Three  Different  Sizes  [from  22], 

This  phenomenon  has  been  obtained  experimentally  in  the  CL  results 
obtained  at  various  wavelengths.  At  all  the  peak  wavelengths  of  360  nm,  550  nm 
and  660  nm,  the  CL  intensity  maps  obtained  from  the  GaN  nanowire  clearly 
indicate  that  the  narrower  end  of  a  GaN  nanowire  produces  a  very  much  weaker 
emission  vis-a-vis  the  broader  end  of  the  wire  at  all  three  wavelengths. 

C.  AFM/NSOM  RESULTS 

Hundreds  of  AFM  and  NSOM  scans  have  been  done  throughout  this 
thesis  work.  Below  are  some  key  experimental  results  leading  to  measurement  of 
the  transport  properties  of  GaN  nanowires  when  a  fixed  e-beam  source  impinged 
at  one  end  of  the  wire  and  the  tip  scanned  across/along  the  wire  to  image  the 
transport  of  the  charge  generated  at  the  source  point.  Scans  were  done  on  GaN 
nanowires  of  various  dimensions  and  from  the  relationship  below,  the  effective 
minority  carrier  mobility,  p,  can  be  estimated  using  the  experimental  results 
obtained  for  minority  carrier  diffusion  length,  Ld,  in  1 -dimension: 
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1.  PL-NSOM  Experiment  on  GaAs  Heterostructure 

A  PL-NSOM  experiment  has  been  done  at  Nanonics  Pte  Ltd  in  Jerusalem, 
Israel,  to  demonstrate  the  concept  behind  transport  imaging  with  NSOM 
collection.  A  532  nm  laser  light  source  of  1pm  spot  size  was  used  as  the 
excitation  source  for  NSOM  measurement  on  a  GaAs  double  heterostructure  of  a 
sample  with  nanobowties.  The  laser  spot  was  placed  on  the  GaAs  layer  about 
5pm  away  from  an  Au  strip  and  NSOM  is  scanned  across  the  laser  beam  spot 
with  a  15  pm  by  15  pm  scan  window.  Figure  28  shows  the  NSOM  image  from 
this  experiment.  The  ditch  in  the  diffusion  profile  image  was  caused  by  the 
blocking  of  laser  beam  by  the  NSOM  probe  as  the  probe  moved  beneath  the 
laser  beam  across  the  fixed  point.  This  is  the  first  NSOM  image  that  captures  the 
2D  diffusion  effect  in  a  luminescent  material  at  near-field. 


Figure  28  NSOM  Image  of  a  1 5-by-1 5  pm  Scan  which  Shows  the  2D  Diffusion 

Effect  from  the  PL  Fixed  Spot. 


2.  AFM/NSOM  Experiment  on  GaN  Nanowires 

After  verifying  the  optical  emission  properties  of  GaN  nanowires  using  the 
CL  system,  NSOM  is  used  to  determine  the  transport  properties.  Figure  29 
shows  the  AFM,  NSOM  and  luminescence  profile  of  the  nanowire  studied 
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respectively.  A  probe  of  200  nm  aperture  was  used  to  conduct  the  AFM/NSOM 
scan  on  a  5  pm  GaN  nanowire  at  10,000X,  3x1  O'9  A  probe  current,  20.0  kV 
accelerating  voltage  over  a  10  pm  by  10  pm  scan  window. 


Figure  29  AFM  Image,  NSOM  Image  and  Luminescence  Profile  of  a  5  pm 

GaN  Nanowire. 


Figure  30  shows  the  AFM,  NSOM  and  phase  images  of  a  10  pm  nanowire 
studied  respectively,  while  Figure  31  shows  the  luminescence  profile  measured 
across  the  green  line  shown  in  Figure  30.  A  3D  NSOM  representation  is  shown  in 
Figure  32  as  part  of  the  topography  of  the  nanowire.  A  probe  of  200  nm  aperture 
was  used  to  conduct  the  AFM/NSOM  scan  at  9,000X,  1x1  O'8  A  probe  current, 
20.0  kV  accelerating  voltage  over  a  10  pm  by  10  pm  scan  window. 


i  AFM.NSOM.5micrrawire.lOhyl0.9k.li8.6ms-NSOM„,  0U]® 
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Figure  30  AFM,  NSOM  and  Phase  Image  of  10  pm  GaN  Nanowire. 
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Figure  31  The  Luminescence  Profile  of  the  10  pm  GaN  Nanowire  as 
Measured  across  the  Green  Line  Shown  in  Figure  30  above. 


Figure  32  3D  Interpretation  of  NSOM  Signal  Superimposed  on  the 
Topography  of  the  Wire  550  nm. 


Figure  33  shows  the  AFM,  NSOM  and  luminescence  profile  of  a  different 
5pm  nanowire  studied  respectively.  The  AFM/NSOM  scan  was  done  at  9,000X, 
1x10'8A  probe  current,  20.0kV  accelerating  voltage  over  a  10pm  by  10pm  scan 
window. 
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Figure  33  NSOM  on  5  urn  GaN  Nanowire,  10-by-10  urn  Scan,  at  1x1  O'8  A, 

20.0  kV,  9000X. 

It  is  consistent  that  the  luminescence  intensity  decreases  along  the  wire 
due  to  the  short  diffusion  length  of  the  material.  However,  we  have  to  determine  if 
the  measured  NSOM  signal  reflects  the  transport  characteristics.  This  can  be 
proven  by  determining  the  effective  minority  carrier  mobility  of  the  GaN 
nanowires.  Figure  34  shows  the  semi-log  plot  of  the  luminescence  intensity  of  the 
above  measured  GaN  nanowire  which  displayed  a  linear  relationship  to: 

I  W  e.~x/L4 
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Figure  34  Semi-Log  Plot  of  the  Luminescence  Intensity  versus  Distance  for  a 

5  pm  GaN  Nanowire. 

The  linear  regression  line  constructed  for  the  linear  part  of  the 
exponentially  decaying  optical  signal  obtained  from  NSOM  scan  yielded  a  slope 
of -0.98  pm'1.  1/slope  translates  to  the  diffusion  length,  Ld,  of -1.0  pm. 

Figure  35  shows  the  profile  measurement  of  another  10  pm  GaN  nanowire 
and  Figure  36  shows  the  semi-log  plot  of  its  luminescence  intensity  at  7,000X, 
3x1  O'9  A  probe  current  and  20.0  kV  accelerating  voltage. 


Figure  35  Profile  from  a  5-by-5  pm  AFM/NSOM  Scan  of  a  10  pm  GaN 

Nanowire. 
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Intensity  vs  Position 


Figure  36  Semi-Log  Plot  of  the  Luminescence  Intensity  versus  Distance  for  a 

10  pm  GaN  Nanowire. 

The  linear  regression  line  constructed  for  the  linear  part  of  the  optical 
signal  obtained  from  NSOM  scan  yielded  a  slope  of  -1.0  pm'1.  1/slope  translates 
to  the  diffusion  length,  Ld,  of  ~1 .0  pm. 

Another  set  of  experiments  were  done  using  a  probe  of  a  larger  aperture 
(250  nm)  and  it  was  observed  that  the  measured  diffusion  lengths  were  slightly 
longer  compared  with  the  experiments  conducted  using  a  smaller  aperture  (200 
nm).  Figure  37  shows  the  AFM  image,  NSOM  image  and  the  luminescence 
profile  measured  on  the  narrow  end  (-100  nm  in  diameter)  of  a  15  pm  GaN 
nanowire.  Figure  38  shows  the  semi-log  plot  of  the  intensity  profile. 
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Figure  37  Profile  of  a  20-by-20  pm  AFM/NSOM  Scan  of  a  15  pm  GaN 
Nanowire  at  its  Narrow  End  (-100  nm). 


Figure  38  Semi-Log  Plot  of  the  Luminescence  Intensity  versus  Distance  for  a 
10  pm  GaN  Nanowire  at  its  Narrow  End  (-100  nm). 


The  linear  regression  line  constructed  for  the  linear  part  of  this 
exponentially  decaying  optical  signal  obtained  from  NSOM  scan  yielded  a  slope 
of  -0.7724  pm'1.  1 /slope  translates  to  the  diffusion  length,  Ld,  of  -1 .3  pm. 

Similarly,  the  same  set  of  experiment  was  done  on  the  broad  end  of  the 
same  wire  and  Figure  39  shows  the  AFM  image,  NSOM  image  and  the 
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luminescence  profile  measured  on  the  broad  end  (~500  nm  in  diameter)  of  a  15 
pm  GaN  nanowire.  Figure  40  shows  the  semi-log  plot  of  the  intensity  profile. 


Figure  39  Profile  of  a  20-by-20  pm  AFM/NSOM  Scan  of  a  15  pm  GaN 
Nanowire  at  its  Broad  End  (-500  nm). 


Figure  40  Semi-Log  Plot  of  the  Luminescence  Intensity  versus  Distance  for  a 
10  pm  GaN  Nanowire  at  its  Broad  End  (-500  nm). 


The  linear  regression  line  constructed  for  the  linear  part  of  this 
exponentially  decaying  optical  signal  obtained  from  NSOM  scan  yielded  a  slope 
of -0.5184  pm'1.  1 /slope  translates  to  the  diffusion  length,  Ld,  of -1.9  pm. 
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The  results  showed  that  slightly  longer  diffusion  lengths  were  obtained 
from  the  experiments  done  using  a  probe  of  a  larger  aperture  diameter  (250  nm). 
It  is  possible  that  luminescence  enhancement  along  the  wire,  which  acts  like  a 
waveguide,  could  have  allow  the  guiding  of  light  further  along  the  wire.  It  is  also 
possible,  however,  that  longer  wires  have  higher  quality,  and  longer  diffusion 
lengths,  due  to  their  longer  growth  time. 

It  is  known  that  the  diffusion  length  has  the  following  relationship  with  the 
carrier  mobility,  p  and  lifetime,  t: 

IkT 

=  ~  ^ 

N  6 

From  the  approximated  Ld  of  1pm  obtained  from  the  experimental  results, 
and  assuming  t  to  be  approximately  1x1  O'9  s  as  extracted  from  the  results  of 
time-resolved  photoluminescence  (PL)  from  relaxed  and  strained  GaN  nanowires 
[23],  the  calculated  p  is  approximately  385  cm2/Vs.  This  value  is  very  close  to  the 
calculated  effective  majority  carrier  mobility  of  386  cm2/Vs  from  the  experimental 
data  obtained  in  the  study  of  space-charge-limited  current  in  GaN  nanowires  by 
A.A.  Talin  et  al.,  [24], 

Additionally,  experimental  results  from  a  study  by  A.  H.  Chin  et  al.,  [25] 
showed  that  among  the  two  types  of  GaN  wires,  a-axis  <101 0>  and  c-axis 
<0001  >  wires,  a-axis  wires  exhibits  a  blue-shifted  luminescence  at  around  310- 
350  nm,  while  the  c-axis  will  exhibit  band-edge  peak  luminescence  between  350- 
390  nm.  The  lifetime  that  this  paper  has  measured  for  a-axis  GaN  wires  which 
are  blue-shifted  had  a  longer  life-time  of  around  1  -  5  ns  while  c-axis  wires  had  a 
lifetime  of  -100  ps.  The  measurements  in  this  study  by  A.H.  Chin  et  al.,  were 
made  on  -20  nm  (diameter)  wires.  Cross-referencing  to  the  time-resolved 
photoluminescence  (TRPL)  study  done  by  [23],  GaN  nanowires  of  -20  nm  in 
diameter  should  yield  a  lifetime  on  the  order  of  <0.1  ns.  This  range  of  lifetime  will 
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match  with  c-axis  GaN  wires  discussed  in  [25].  The  results  obtained  for  diffusion 
length  as  well  as  the  calculated  carrier  mobility  in  this  thesis  clearly  are 
consistent  with  the  findings  of  both  [23],  [25]. 
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V.  INITIAL  INVESTIGATIONS  ON  AU  NANOBOWTIES 


A.  GENERAL  FEATURES  OF  AU  NANOBOWTIES 

Nanowires  are  just  one  of  the  numerous  nanostructures  that  attract 
immense  research  interest  due  to  broad  applications  in  many  areas  of 
electronics,  photonics  and  sensors.  This  thesis  extended  its  scope  beyond 
nanowires  to  investigate  the  possible  optical  enhancement  properties  of  Au 
nanobowtie  structures.  Figure  41  shows  the  actual  sample  that  was  studied  in 
this  thesis  with  an  array  of  20  nm  thick  Au  nanobowties  (200  nm  in  size  per  pair 
with  varying  gap  distance  of  0-50  nm)  fabricated  on  a  GaAs  double 
heterostructure  and  Figure  42  shows  a  pair  of  nanobowties  in  high-magnification. 


NOVEtp^  iooov  5,51 5X  WD;  2,1  Bmm  5um  4/4/2008 


Figure  41  Au  Nanobowties  Array  Fabricated  on  a  GaAs  Heterostructure  with 
Au  Strips  of  10  pm  Pitch  to  Demarcate  the  Locations  of  Nanobowties  at  10 
pm  Intervals  along  Each  Strip  (Image  Captured  Using  NoveIX  mySEM). 
This  is  the  Actual  Sample  Used  for  this  Thesis  Work. 
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Figure  42  A  Pair  of  Au  Nanobowties  with  50  nm  Gap  (Image  Captured  Using 

NoveIX  mySEM). 


Based  on  the  theory  that  electric  field  can  be  enhanced  by  either  plasmon 
resonance  or  sharp  edges  at  reduced  dimensions  a  study  by  Grober  et  al.,  [26] 
demonstrated  the  field  enhancement  phenomenon  between  the  nanotriangles  of 
a  pair  of  nanobowties  for  microwaves  frequencies.  A.  Sundaramurthy  et  al.,  [27] 
extended  this  finding  through  the  construction  of  a  physical  model  based  on 
current  distribution  around  the  nanobowtie  antennas  to  demonstrate  the  variation 
of  resonant  wavelength  with  the  gap  between  the  bowtie  elements  to  the  visible 
range.  To  reach  visible  frequencies,  the  nanotriangles  have  to  be  in  dimensions 
<100  nm.  From  their  finite-difference  time-domain  (FDTD)  simulations,  very 
strong  optical  intensity  enhancement  was  predicted  to  occur  between  the  gaps  of 
the  nanobowties.  This  optical  property  makes  nanobowties  useful  in  potential 
applications  like  high-resolution  imaging  [28],  which  is  in  high  demand  in  the  field 
of  nanotechnology  today.  To  date,  however,  direct  experimental  imaging  of  this 
enhanced  emission  in  the  near-field  has  been  limited. 
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B.  AFM  OF  AU  NANOBOWTIES 


The  same  experimental  set-up  and  procedures  for  the  measurement  of 
GaN  nanowires  were  also  used  in  the  study  of  Au  nanobowties.  AFM  was  first 
used  to  locate  and  measure  the  topography  of  the  nanobowtie  elements  prior  to 
any  NSOM  optical  collection.  Figure  43  shows  one  of  the  earliest  AFM  image 
(with  a  very  clean  substrate)  obtained  with  5  pm  by  5  pm  scan  using  a  250  nm 
diameter  AFM/NSOM  probe.  As  the  diameter  of  the  probe  was  very  much  bigger 
than  the  nanotriangles  and  the  gap  between  the  nanobowties,  this  image  is 
considered  a  good  AFM  image. 


Figure  43  AFM  Image  of  a  Pair  of  Au  Nanobowtie  and  its  Profile 

Measurement. 


Figure  44  shows  another  pair  of  nanobowtie  with  a  45  nm  gap  measured 
by  an  integrated  AFM/NSOM  probe  of  250  nm  diameter  and  its  corresponding 
topography  profile.  The  surrounding  particles  around  the  nanobowties  are  dust 
and  dirt  particles. 
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Figure  44  A  Pair  of  Au  Nanobowties  with  a  45  nm  Gap  Measured  by  AFM  and 

its  Corresponding  Topography  Profile. 


A  common  problem  in  high  magnification  AFM/NSOM  measurement  in 
this  thesis  work  is  the  charging  effect  between  the  probe  and  the  sample  that 
causes  drifting  motion  of  the  sample.  Although  the  charging  effect  can  be 
minimized  by  grounding  the  sample  surface,  it  is  not  negligible  at  the  nano-scale 
measurement.  An  example  of  how  the  “drifting  effect”  results  in  poorer  resolution 
is  shown  in  Figure  45  below. 


(a) 
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Figure  45  1  pm  by  1  pm  AFM  Scan  of  a  Pair  of  Nanobowties  with  (a)  SEM 

Beam  Off  and  (b)  SEM  Beam  On. 


In  general,  integrated  AFM/NSOM  probes  are  larger  in  aperture  sizes  and 
they  range  from  100  nm  to  300  nm  in  diameter.  A  trip  was  made  to  Agilent 
Technologies  to  compare  AFM  measurements  of  the  same  Au  nanobowties 
sample  with  AFM  probes  of  relatively  smaller  diameters.  A  10  nm  AFM  probe 
was  used  and  Figure  46  clearly  shows  a  better-resolved  AFM  image  as 
compared  to  an  integrated  AFM/NSOM  probe. 


Figure  46  A  Pair  of  Au  Nanobowties  Measured  with  a  10  nm  AFM  Probe. 
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c. 


NSOM  OF  AU  NANOBOWTIES 


The  inital  objective  of  this  study  was  to  determine  any  optical 
enhancement  effects  in  the  gap  between  any  pair  of  Au  nanobowties.  This 
measurement  can  be  done  in  near-field  by  scanning  an  integrated  AFM/NSOM 
probe  across  the  gap  of  the  nanobowties  while  placing  a  fixed  e-beam  source 
near  to  the  gap.  As  the  diffusion  length  of  the  GaAs  epitaxial  layer  is  less  than  3 
pm  [3],  it  is  important  that  the  e-beam  spot  be  placed  within  this  distance  from  the 
gap  in  order  to  create  luminescence  at  the  location  of  the  nanobowties  gap  and 
observe  the  enhancement  effects  in  the  gap,  if  any.  Although  NSOM  is  the 
ultimate  experiment  to  determine  the  optical  enhancement  effects  of  the  Au 
nanobowties,  the  common  problem  of  probe-sample  charging  in  the  SEM  caused 
a  “drifting  effect”  of  the  sample  to  render  all  NSOM  measurement  ineffective. 
Figure  47  below  illustrates  schematically  how  the  “drifting  effect”  hinders  the 
NSOM  measurement  across  the  Au  nanobowties. 


Figure  47  (a)  The  E-beam  was  Placed  (with  a  Cross-hair)  at  Close  Proximity 
to  the  Gap  of  the  Nanobowtie  so  as  to  Determine  Any  Optical 
Enhancement  Effects;  (b)  The  Location  of  the  E-beam  after  a  Complete 
Scan  will  not  have  the  Proximity  for  Optical  Field  to  Reach  the  Gap. 
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It  is  deduced  that  as  the  NSOM  scans  were  completed  with  the  e-beam 
spot  moving  away  from  the  gap,  the  minority  carrier  diffusion  effect  of  GaAs  will 
not  be  able  to  reach  the  gap  for  any  significant  measurements.  No  enhanced 
emission  was  observed  in  multiple  attempts. 

D.  CHALLENGES  FOR  NSOM  OF  AU  NANOBOWTIES 

As  mentioned  in  the  earlier  section,  the  main  challenges  of  this  work  are  to 
be  able  to:  1)  bring  the  e-beam  spot  (~1  pm  in  diameter)  within  3  pm  to  the  gap 
of  a  pair  of  Au  nanobowtie,  and  2)  ensure  that  the  e-beam  spot  is  fixed  onto  a 
point  where  the  experiment  desired  without  the  “drifting  effect”  caused  by  probe- 
sample  charging  by  innovatively  grounding  the  probe.  Until  these  technical 
challenges  are  overcome,  NSOM  measurement  of  any  nanostructures  as  small 
as  these  Au  nanobowties  will  be  a  great  challenge  with  the  current  experimental 
set-up.  An  additional  alternate  approach  that  could  be  investigated  would  be  to 
use  a  forward-biased  solar  cell  structure  to  illuminate  the  bowtie  gap  and  collect 
the  spatially  resolved  emission  in  the  near-field,  removing  the  role  of  the  electron 
beam  to  generate  the  light. 
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VI.  CONCLUSIONS  AND  SUGGESTIONS  FOR  FURTHER 

RESEARCH 

A.  CONCLUSION 

This  thesis  has  achieved  its  aims  to  image  the  optical  transport  properties 
of  GaN  nanowires  that  range  from  1  -  30  pm  in  length  and  100  -  500  nm  in 
diameters  using  the  technique  of  NSOM.  The  unique  set-up  of  performing  AFM 
and  NSOM  operations  in  a  SEM  to  collect  spatially  resolved  luminescence  and 
image  transport  on  nano-scale  structures,  particularly  nanowires,  in  1-D,  has 
allowed  direct  determination  of  transport  parameters,  such  as  minority  carrier 
mobility  and  diffusion  length  in  near-field  and  the  results  were  compared  in  close 
reference  to  [21],  [25]. 

This  work  has  demonstrated  significant  development  of  a  unique  nano¬ 
scale  imaging  technique  applicable  to  a  wide  range  of  structures  through  the 
successful  experimental  approach  in  the  verification  of  the  minority  carrier 
diffusion  length  for  GaN  nanowires  in  near-field.  Effects  of  luminescence  intensity 
and  the  diameter  of  the  nanowires  have  also  been  experimented.  For  the  first 
time  in  this  research,  the  author  addressed  numerous  challenges  such  as  the 
intricate  NSOM  technique  to  resolve  sub-wavelength  dimension  measurements 
of  the  elements  and  determine  optimized  experimental  parameters  to 
compensate  for  the  relatively  low  efficiency  of  NSOM  optical  collection. 

An  initial  investigation  to  determine  the  unique  transmission  enhancement 
through  Au  nanobowties  fabricated  on  GaAs  substrate  has  been  conducted  with 
an  innovative  technique  using  NSOM  with  the  same  experimental  set-up  for  GaN 
nanowires  measurements.  Although  it  was  identified  theoretically  in  past 
research  that  under  linear  polarizations  in  two  orthogonal  directions,  the  optical 
near  fields  of  the  bowtie  aperture  made  in  gold  is  able  to  provide  a  nano-scale 
optical  enhanced  spot  when  the  incident  light  is  polarized  across  the  bowtie  gap 
via  the  method  of  transport  imaging,  initial  experimental  results  showed  no  clear 
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enhancement  phenomenon.  Part  of  the  challenge  lies  in  the  fixing  of  the  e-beam 
spot  close  to  the  Au  nanobowties  gap  without  moving,  but  technical  limitations 
currently  constrained  the  measurements. 

In  this  thesis,  the  author  has  reported  the  working  principles,  experimental 
procedures,  optimal  process  parameters  and  the  respective  imaging  results  for 
assessing  the  properties  of  the  nano-devices  studied  in  this  thesis  work. 
Recommendations  for  future  work  pertaining  to  the  augmentation  of  related 
NSOM  work  will  also  be  made  to  ensure  the  continued  progress  in  this  area  of 
work. 

B.  SUGGESTIONS  FOR  FURTHER  RESEARCH 

1.  Overcoming  Probe-Sample  Charging  “Drifting  Effect” 

As  mentioned  in  the  earlier  chapters,  one  of  the  greatest  technical 
challenges  in  this  work  is  the  probe-sample  charging  “drifting  effect”  that  is 
undesirable  in  NSOM  and  AFM  measurements  of  nano-scale  structures.  One 
solution  is  to  effectively  find  a  way  to  ground  the  AFM/NSOM  probe  to  reduce  the 
charging  effects  substantially.  Alternatively,  a  forward-biased  solar  cell  structure 
can  be  utilized  to  illuminate  the  desired  location,  such  as  the  gap  of  the  bowtie 
and  collect  the  spatially  resolved  emission  in  the  near-field,  removing  the  role  of 
the  electron  beam  to  generate  the  light. 

2.  Investigating  Secondary  Effects  of  the  Enhanced  Diffusion  in 
GaN  Nanowires 

It  has  been  observed  that  the  diffusion  effect  of  luminescence  from  the 
GaN  nanowires  was  larger  and  longer  when  a  NSOM  probe  of  a  larger  aperture 
was  used.  Although  more  light  can  be  collected  via  a  larger  aperture,  the 
diffusion  length  of  the  GaN  nanowires  should  remain  unchanged.  Initial  deduction 
to  this  observation  is  that  the  nanowires  actually  act  like  waveguides  which  could 
have  allow  the  progression  of  light  further  along  the  wire  and  this  could  have  only 
be  collected  by  apertures  of  a  certain  size  due  to  their  difference  in  efficiency 
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[17].  Future  work  should  include  a  quantitative  study  to  the  relationship  between 
measured  “pseudo-diffusion  length”  and  the  aperture  size  of  the  AFM/NSOM 
probe. 
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